Background: Risk factors for atrial fibrillation (AF) recurrence in patients who have undergone AF catheter ablation have not been fully clarified. The objective of this study was to assess whether the left atrium (LA) and LA appendage (LAA) volumes, and cardio-metabolic markers such as polyunsaturated fatty acids (PUFAs) levels were associated with AF recurrence.
Introduction
Catheter ablation for atrial fibrillation (AF) is an established therapy for symptomatic patients with drug refractory AF [1] . Prior to catheter ablation, a multi-detector computed tomography (MDCT) for use with three-dimensional (3D) mapping systems and evaluating the morphology of the pulmonary veins are often performed systematically [2, 3] . Previous studies have reported several predictors for AF recurrence following catheter ablation [4] . However, there are few studies which have evaluated the association between AF recurrence and cardiac morphology using MDCT. Previous studies have also demonstrated the beneficial effect of omega-3 polyunsaturated fatty acids (PUFAs), including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) for preventing cardiovascular events [5] [6] [7] [8] ; however, there are only a few reports that have assessed the association between PUFA levels and AF recurrence. Therefore, we assessed the impact of cardiac morphology including left atrial volume and left atrial appendage (LAA) volume, and cardio-metabolic markers such as plasma PUFA levels on AF recurrence in patients undergoing AF catheter ablation.
Shiozawa et al
Cardiol Res. 2017; 8(3) :96-104 enrolled in this study. The study protocol was approved by the Institutional Review Board of Juntendo University (January 28, 2014, , and all participants provided written informed consent before their participation in this study according to the guidelines established in the Declaration of Helsinki.
Measurements
Fasting blood samples were obtained from all patients on the day of the catheter ablation. Serum levels of lipid profiles, high-sensitive C-reactive protein (hsCRP), and N-terminal proB-type natriuretic peptide (NT-proBNP) were measured. Plasma fatty acid levels were measured by 4-fractionation of non-esterified fatty acids by a central laboratory (SRL, Inc., Tokyo, Japan). Two-dimensional echocardiographic images of the left atrium (LA) and left ventricle (LV) were obtained by the parasternal long axis and apical two-and four-chamber views with second harmonic imaging. Transesophageal echocardiography (TEE) was performed to exclude any atrial thrombi, and to measure the peak velocities of flow out of the left atrial appendage (LAAFV). The standard echocardiographic parameters were obtained on the basis of the American Society of Echocardiography guidelines [9] .
All patients underwent a contrast-enhanced cardiac MDCT scan before the catheter ablation procedure for the CARTO mapping system (Biosense Webster, Diamond Bar, CA, USA), using Aquilion ONE ViSION Edition™ (320-multidetector CT, Toshiba Medical Systems Corporation, Otawara, Japan) and Dual Shot GX 7 (contrast injector, Nemoto Kyorindo Co., Ltd, Tokyo, Japan) with a Model 7800 ECG monitor (Chronos Medical Devices Inc., Tokyo, Japan). Scanning was performed with a slice width of 0.5 mm and reconstruction interval of 0.25 mm. The prospective computerized tomography angiography (CTA) mode was used for all patients, with a range of X-ray exposure of 35% of the RR interval. In addition, a 3D workstation (ZIOSTATION2, Ziosoft, Tokyo, Japan) was used to generate 3D structures of the LA and LAA, using the volume-rendered post-processing technique. Standard measurements of the LA, LAA volume, the length of the LAA main lobe, and the LAA orifice were obtained. The LAA orifice cross-sectional area (CSA) was measured manually on multiplanar reformatted images, and its size was defined by its narrowest portion. The formula 0.785 × LAA long diameter × LAA short diameter was used to calculate a surrogate value for the area of the LAA orifice in accordance with its elliptical shape. Morphology of the LAA was also evaluated using multiplanar reconstruction. LAA morphologies were classified by two cardiologists according to the method provided by Di Biase et al, [10] .
Catheter ablation procedure
All patients received direct oral anticoagulation agents (DOAC), or warfarin with a target international normalized ratio (INR), maintained for at least 3 weeks before the AF catheter ablation. Ablation was performed with the use of radiofrequency energy delivered by a catheter with an open, irrigated tip (Thermocool Smarttouch; Biosense Webster), initially targeting the PVs with a wide area circumferential ablation [11] . After a trans-septal catheterization, and selective PV angiography, extensive encircling pulmonary vein isolation (PVI) was performed [12] , using the power control mode with a target power output of 20 -35 W, at a maximum temperature of 42 °C, and guided by a 3D electro-anatomical mapping system (CARTO3; Biosense Webster). Intravenous heparin was administered to maintain an activated clotting time of at least 300 -350 s during the procedure following the trans-septal catheterization [13] . All cases succeeded in the creation of an extensive ipsilateral bidirectional conduction block between the atrium and PVs. The exit block was examined by pacing from the distal PVs. Adenosine was used as a provocative agent to facilitate PV reconnection [14] . The complete electrical isolation of the PVs was confirmed at least 30 min after the successful PVI and the restoration of sinus rhythm. If AF was sustained or was induced with a coronary sinus burst pacing at a cycle length down to 200 ms, an additional ablation was performed in second session cases for non-PV foci. This consisted of a linear ablation of the left atrial roof and/or superior vena cava isolation. If the AF did not terminate after an additional ablation, sinus rhythm was restored by an intracardiac cardioversion from the coronary sinus using an atrial cardioversion system (BeeAT; Japan Lifeline, Tokyo, Japan). A cavotricuspid isthmus ablation line was also created for patients with atrial flutter observed during and/or before the ablation, with confirmation of a bidirectional conduction block.
Follow-up
Following discharge, the patients were followed for 2 -4 weeks after the catheter ablation and then every 1 -3 months at the outpatient clinic. At each hospital visit, the patients underwent a 12-lead electrocardiogram (ECG) and intensive questioning regarding any arrhythmia-related symptoms. Additionally, 24 h Holter monitoring was performed at 1, 3, 6, and 12 months following the PVI. Moreover, 12-lead ECGs and 24 h Holter ECGs were also used anytime the patients reported palpitations. If the ECG revealed any episodes of AF during the follow-up period, the patients were diagnosed with a clinical recurrence of AF irrespective of the presence of symptoms. Patients with AF recurrence were treated temporarily with antiarrhythmic drugs. The discontinuation of antiarrhythmic drugs was then attempted for patients in whom recurrent AF resolved after temporary treatment. If the sinus rhythm could be maintained, these drugs were discontinued permanently. AF was classified as a paroxysmal AF that selfterminates within 7 days, and persistent AF was classified as that which lasts longer than 7 days or requires termination by cardioversion with drugs or by direct current cardioversion and was classified as longstanding persistent AF when AF continued for more than 1 year. Early recurrence of AF was defined as a recurrence of AF within 3 months of ablation, and was considered transient [1, 15] . AF recurrence was defined as the recurrence of AF episodes or any other atrial tachyarrhythmias lasting more than 30 s, after the 3 months blanking period [1] .
Statistical analysis
Data are expressed as the mean ± standard deviation, or as numbers and percentages. The comparisons between the two groups were tested by an unpaired t-test or a MannWhitney U test according to the normality of the data distribution. All of the categorical variables were compared by a Chi-square test or Fisher exact test to detect any differences. The correlations were analyzed using a Spearman's correlation coefficient test. A Cox's proportional hazards model was used to assess the variables independently associated with AF recurrence. Variables incorporated into the Cox's proportional hazard model were selected from variables with a P-value of less than 0.1 in the univariate analysis. If possible, continuous variables were employed unless otherwise specified, including the body mass index divided by the median (23.3 kg/m 2 ) to analyze obesity, and to prevent the loss of information during the regression analysis.
A multiple linear regression analysis was used to assess the relationship between the LAA volumes, including age, systolic LV dimension, LV ejection fraction, AF detected age, log NT-proBNP, and plasma DHA levels. A P-value of less than 0.05 was regarded to be statistically significant. The statistical analysis was performed using JMP 12 software (SAS Institute Inc., Cary, NC, USA).
Results
All patients received a successful catheter ablation. There were no patients with DHA containing supplements. During the mean follow-up of 580 ± 255 days, 28 (36%) patients experienced an AF recurrence. The baseline clinical, echocardiographic, and MDCT preprocedural characteristics are presented in Tables 1 and 2 . The prevalence of early AF recurrence before 3 months (P < 0.0001) was significantly higher, and the levels of NT-proBNP (527 ± 604 pg/mL vs. 245 ± 268 pg/mL, respectively; P = 0.03) were elevated in patients with an AF recurrence compared to those in patients without AF recurrence. Although the LA diameter, LAA flow velocity, and LA volume exhibited no significant differences in the two groups, a larger LAA volume (19 ± 13 cm 3 vs. 14 ± 4 cm 3 ; P = 0.04) and a larger LAA orifice area (4.9 ± 2.0 cm 2 vs. 3.2 ± 2.1 cm 2 ; P = 0.001) were observed in the patients with an AF recurrence. DHA levels were not associated with the AF recurrence for all subjects. DHA levels were sub-analyzed for the patients with and without hypertension, dyslipidemia, or diabetes mellitus. Non-dyslipidemia patients with an AF recurrence exhibited significantly lower plasma DHA levels (120 ± 36 µg/mL vs. Table 3 . The LAA volume (P = 0.04) was an independent variable for AF recurrence. The correlation coefficients for the LAA volume are shown in Table 4 . The LAA volume was not associated with the type of AF and existence of underlying diseases such as hypertension, diabetes, and dyslipidemia. The LAA volume was significantly and negatively associated with age (β = -0.41, P = 0.0003), LV ejection fraction (β = -0.37, P = 0.005), AF detected age (β = -0.32, P = 0.008), and plasma DHA levels (β = -0.33, P = 0.003). It was positively associated with the LV diameter at the end systole (β = 0.32, P = 0.03), and log NT-proBNP (β = 0.31, P = 0.01). The levels of EPA and arachidonic acid were not associated with the LAA volume. The LAA volume was associated with the LA volume (β = 0.35, P = 0.002), LAA orifice area (β = 0.56, P < 0.0001), and LAA length (β = 0.48, P < 0.0001) measured by MDCT. The correlation between the LAA volume and DHA levels is shown in Figure 1 . Notably, AF recurrence occurred in all patients (n = 5) with large LAAs (≥ 25 mL), and these patients had significantly lower levels of DHA than the other patients (109 ± 31 µg/mL vs. 157 ± 46 µg/ mL, P = 0.03). In a multivariable regression analysis, log NT-proBNP (β = 0.36, P = 0.02) and plasma DHA levels (β = -0.39, P = 0.009) were independent factors for the LAA volume (Table 4) .
Discussion

Main findings
This study demonstrates several important findings. First, the LAA volume was an independent factor for AF recurrence following catheter ablation. Second, patients with a large LAA volume, especially an LAA volume ≥ 25 mL was associated with a high rate of AF recurrence. Third, a large LAA volume was associated with low plasma DHA levels, which are highly distributed within the myocardium.
In this study, we showed that the LAA volume is an independent factor for AF recurrence following ablation. AF is often associated with atrial structural remodeling and chronic inflammation which causes LA fibrosis, scars and dilatation [16] . Previous studies have demonstrated predictors of poor outcomes to be as follows: 1) increased left atrial size; 2) nonparoxysmal AF; 3) sleep apnea and obesity; 4) increased age; 5) hypertension; and 6) left atrial fibrosis detected by a cardiac MRI [4] . Several studies have shown that the LA diameter [17, 18] and LA volume [19, 20] are predictors of AF recurrence following ablation. In our study, the LAA volume, but not the LA diameter or its volume, was associated with AF recurrence. The patients included in our study were primarily paroxysmal AF or persistent AF with a relatively short duration of AF. It has not been determined whether the increase in LAA volume is a cause or a consequence of AF. The LAA is a remnant of the embryonic left atrium, while the remaining left atrium is derived from an outgrowth of the pulmonary veins [21] . It appears to play an important role in the regulation of heart rate and fluid balance [22] through a distensible reservoir function and its capacity for atrial natriuretic peptide (ANP) secretion, as well as stretch sensitive receptors [23] , accompanied by an intrinsic contractile capability. These factors may be associated with the process of atrial remodeling.
NT-proBNP associated with AF recurrence
Serum NT-proBNP was significantly associated with LAA volume in our study. Elevated natriuretic peptides reflect the myocyte response to increased wall tension, and some studies have indicated that atrial, in addition to ventricular, stretch is a source of BNP [24] .
LAA volume in association with AF recurrence
All patients with a large LAA volume over 25 mL suffered an AF recurrence. The LAA volume was negatively correlated with age, which may explain why these patients have hereditarily large LAAs. Although the heritability of AF has not fully been identified, AF documentation in a family member is associated with a 40% increased risk for developing AF [25, 26] . The LAA is known to be more distensible than the LA, and the LAA volume could be a reliable parameter for determining the LA structural and functional conditions in early AF patients. In this study, the LAA volume was easily measured from an MDCT for the use of CARTO 3D mapping. Therefore, it is important to evaluate the LAA volume to recognize the atrial conditions and predict AF recurrence, especially in patients undergoing a catheter ablation.
DHA levels associated with LAA volume
In a population-based study in Finland, the serum DHA but not EPA concentration had an impact on AF risk [5] , and DHA levels were associated with a lower risk of incident AF, even in the elderly [27] . In the present study, DHA was independently associated with the LAA volume. Previous studies have demonstrated the benefits of omega-3 PUFAs consumption include lowering triglyceride levels, and beneficial effects on vascular and cardiac hemodynamics, including antiarrhythmia and anti-inflammatory responses related to the production of inflammation-resolving mediators [5, 28] . Both EPA and DHA may be associated with health benefits, and the DHA concentration is known to be higher in the human myocardium compared with other organs (e.g., aorta and other vessels). Although our results did not reveal a significant relationship between plasma DHA levels and AF recurrence in all subjects, these may provoke great interest in the mechanisms of DHA consumption that inhibit AF incidence. Patients with non-dyslipidemia and AF recurrence significantly exhibited lower plasma DHA levels, as shown in Figure S1 . We believe that confounding factors, such as diet counseling and statin administration, may attenuate associations between plasma DHA levels and AF recurrence. Significant associations between plasma DHA levels and AF recurrence in patients without dyslipidemia may be an important finding in this study. In addition, we should reassess these results with a larger study cohort. Omega-3 PUFAs have both anti-inflammatory and anti-fibrotic properties. These occur through modulation of the phospholipid bilayer and ion channels of the cell membrane as well as by the effect of specialized pro-resolving mediators [29, 30] . These plasma membrane effects, from DHA, may act on electrophysiological mechanisms. Experimental studies show that DHA, in the myocardium, better protects against ventricular fibrillation than EPA [31] . Few studies have focused on the structural changes resulting from low DHA consumption, and further studies are needed to confirm our finding and to clarify the precise mechanisms by which low DHA levels are associated with structural changes, such as LAA volume enlargement and AF recurrence.
Study limitations
The present study has several limitations. First, this is a singlecenter study with a relatively small sample size, and a short follow-up duration. Therefore, we included patients with both paroxysmal and persistent AF and some patients undergoing multiple sessions in this study. However, the main results tended to be identical, even in patients with paroxysmal AF and initial ablation procedures (data not shown). Second, the AF recurrence episode was mainly detected by the regular screening during outpatient visits and questioning of symptoms, which may underestimate the true incidence of AF relapse. Third, the LAA and LA volume might be affected by LV diastolic dysfunction, or hemodynamic conditions in patients with AF rhythm. Fourth, we did not evaluate LAA firing in all patients in the present study. It is necessary to investigate the possibility of other AF trigger site in patients with AF recurrence and larger LAA as a next step.
Conclusions
According to our study, LAA volume was associated with AF recurrence following catheter ablation, especially in patients with large LAAs (≥ 25 mL). Moreover, low levels of DHA were associated with a greater LAA volume. Therefore, the association between the LAA volume and low plasma DHA levels may be an important factor for post-ablation AF recurrence.
